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teuperaturu'in alkali halide crystals.

CHAPTER 1 @(/\/U
\/ . INTRODUCTION /

It is well known that normally pure alksii ha)ide cyystals (AWC)

show the so-called intrinsic luminescence af loy tempgfatures when

excited by both ionizing radiations (}ike x, B, or y-rays) and non-
ionizing ultra-violet radiations.gig/}Excitations are usually limited
to the absorption bands of tﬁe intrinsic exciton (electron-hole pair
bound *ogether by their Coulombic interactions) as well as to band-to-:
band transitions. The mechanism responsible for this low-tempérnture
intrinsic lumineséehce has been studied in the light.of experiments on
(1) both polarized and unpolariied absorption, emiseion and
| T8 .y -

excitation spectra measurements, and .

(j.!.) electron spin resonance (ESR) messurements .
Their results show that'the observed intrinsic luminescence at low.
temperatures in alkali halide crystals is due fo the radiative re-
combinations of the excited states of the system of a ulf-trapéet_l- ‘
hole (vx-center, after Kanzig) blus an celectron; that is (vx + e)*;

in other words, the excited state of a halogen molecular ion (€- )',

oriented along the <110> direction in alkali halide crystals with '

.the sodium chloride structure and along the <100> direction in alkali

halide crystals with the cesium chlorice structure. This model has been

. extensively used to explain the observed intrinsic luminescence at low

11 yowever , it should be

noted that the mechanism responsiblec for the intrinsic luminescence




in alknl} halide crystals with the NaC/ structure is well understood

whilebthat of alkali halide crystals w}th CsC!? sttuctdrebis.not well

understood. . |
Consequently, the purpose of the study presented in this work

was to learn more about the luminescent mechanism in CsI , (CsCl}

structure), which when activated with Na is a verj efficient scintillation

materiai, an ideal X-ray detector and an excellént particle clet:ecl:or.lz'15

It was hoped that these studies might provide new information concerning

the validity of the radiative recombinations of (Vy '+ e)* states

as being an important source of intrinsic luminescence in CsI . Another
objective of this work was Eo have a more complete understanding of
_the nature of the mechanisms responsible for the luminescence (intrinsic
or extrinsic, observed in alkali halide crystals of the CsC! structure,
{taking C.I as a case study), At low and room temperatures.

In the course of this work, our combined optical and electron
paramagnetic resonance studies at low and réom temperatures tenatiyely
" suggests the association of the obsérved luminescence in Csl ‘;o
excitons trapped (or bound) at negative ion vacancies and/or excitons
trapped at F-center (electron in a negative ion vacancy). This is
contrary to the general contention that intrinsic luminescence at low
temperature results from radiative recombination of (Vk + e)*.7-1°
Another interesting effect we observed was the room temperature
lunminescence after thesampléhncbeencooled (RTAC) tq low temperatures.
This RTAC luminescence is discussed in detail in Chaptef Iv.

Besides the pure sample, thermally quenched and plastically deformed

" CsI ' were also studied in this work. We observed that the optical

PN S R BTG s AT L. sy
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.roperties of the strained pure CsI are similar to those of sodium

ictivated CsI .

Chapter.II contains a brief review of the work that has been done
5, far on the photoluminescent study of alkali halide crystals especially
the alkaii iodides and the cesium halides in which groups CsI falls.

{able I éhows the optical properties of alkali iodides and céaiu-‘hn4

"1ides. Various models used to explain the observed intrinsic and ex-

trinsic luminescence in thése crystals are discussed.

Th€ photoluminescent experiment as well as the experimental tech-
nique used in this wofk are briefly described in Chapter iII. Chapter
IV contains the presentation'and interpretation of the photoluminescent
study of pure and strained CsI using non-ionizing ultra-violet radia-
tions under different thermal and mechanical treatments. |

In Chapter V, we d;scuss electron paramagnetic resonance and color
cenﬁer studies of CsI .. Chapter VI contains a model we'proposed for
the luminescence phenomena in pure CsI while Chapter VII desls with

the conclusion of these studies and recommendations for fuéure work.
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CHAPTER IIX

o cmtm - smgmmeoa di—san an menr e

REVIEW OF PREVIOUS WORK ON THE

o

PHOTOLUMINESCENCE OF ALKALI HALIDES

A. INTRODUCTION

For the past few decades, work has been done by many authorsl-8’16-19

in studying the luminescent properties of alkali halides by measuring

L e r—

absofption, emission and excitation spectra of these materials. Both

experimental results and theoretical calculations on the optical proper-

ties of the alkali iodides are presented in Table II.l. The first part

(B-C) of the review on the work that has been done on the luminescent

properties of alkali halides will deal with absorption measurements

while the second part (D) deals with emission and excitation measurements

and part (E) deals with the electron spin resonance measurements.

B.  ABSORPTION MEASUREMENTS

T T P R N ey S8 T

e s

In this section, we shall first discuss the work that has been

done so far on the absorptidn spectra of excitons while the second

part deals with absorption spectra due to defects induced by exposing

S et

the alkali halides to radiations of threshold energy of about 5 ev.eo’al‘

1. Exciton Absorption Bands

The exciton absorption spectra of alkali halides have been widely %

studied in the ultra-violet region of the electromagnetic spectrum by . !

many authou.aa-ah

e g v e~ e o At ot

Pohl et a1.22 did the pioneering work on the ultra- | . v
violet absorption spectra of alkali halides at room and nitrogen i

temperstures. Hilsch and Pohl gives the positions of the first exciton
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absorption for the ifodides and bromides by an empirical formula

2
e

hv = a +E-~1 | (1.1)

max hjeor
where  is Madelung constant, v , the interionic distance, o

the high frequency dielectric constant, E the electron affinity of
the halogen and I the fonization potential of the alkali atom. The
comparison between the observed and calculated absorption peaks ﬁy
Martienssen23 is- shown in Table I.1.

2y

Later on, Teegarden and Baldini, Eby23 and a host of others

not only repeated Pohls work but also extended the measurements to
liquid helium tempefﬁtures (LHeT). They observed halogen atom
doublet splittings which in most cases did not agree with the predicted

25

minimum splitting, “ given by

0.0L7 ev — Fluorides

0.105 ev - Chlorides
. AE 2 VB9 2 T ) 0.432 eV - Bromides

0.889 eV - Iodides

wvhere )\ 1is the halogen atom ground state doublet sblitting obtainable
from atomic data.. Evén the halogen atom doublet splitting observed
in the chlorides or bromides has not Seen sudcéssfuil} observed in the
iodides probably because of the large split:ing and strong configuration
interactions.

The éxciton absorption bands observed in alkali halides are expl;ined
by using the Transfer and excitation moclela.'a6 As the name inpliei,'

the transfer model involves the transfer of an electror from a halogen
: : : A \

-6 -




jon to the nearest neighboring alkali ions, while the excitation
model requires the excitation to be sufficiently localized in a unit
cell as to make it resemble an excited state of a free atom. However,

25

Knox and Inchauspe © showed the identity of both models from group
theoretical considerations in predicting the multiplicity of the
exciton absorption peaks expected in alkali halides at room and low
temperatures; though the equivalence of the transfer and excitation
models does not extend to predictions regarding the positions and
strength of the exciton absorption bands. The models do not apply

toco well to CsBr and CsI because they exhibit strong configuration
interactions between their low-lying excitgd states. These authors
predicted nine bands in the low-energy structure associated with the.
halogen doublet, arising from transitions to the P571 configuration,

5 5
73 and P

27

configurations respeétively. On either model, Overhauser

and a triplet and quartet from transitions to P 75
predicted
five exciton lines for the alkali halides with the NaCf-structure
due to the combination of a doublet and a triplet while for alkali
halides with _CsCl-structures, he predicted six exciton bands due to
a combination of a doublet and a quartet. He further suggested that
the effect of configurations interaction should be taken into account
in consfidering the splitting due to the halogen atom doublet it CsCt
structure alkali halides.

Using the transfer model, Teegarden and Baldini were able to
explain the observed exciton absorption spectra of all the alkali halides
measured at 10° K to be due to transitions from the P6 shell of
the halide ion (leaving a P> hole on the halide ion) to effective-

mass states based on S- and d-like conduction bands.

-7 -
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Besides the well resolved exciton absorption bands there exist
shoulders (on the short wavelength side of the first exciton absorption
band) which are attributed by Taft and Ph1111p328 to fhe.onset of
band-to-band transitions. However it should be noted that because
of lattice relaxation, the occurrence of photoconductivity in the

shoulder region does not necessarily imply the onset of band-to-band

transitions.
C. DEFECT ABSORPTION BANDS

Here we review briefly the experimental and theoretical work
that has been done on the study of the ultra-violet absorption spectra
due to defects on the long wavelength side of the first exciton
absorption band.

Besides the excitonic absorption bands, the long wavelength tail

of the fundamental absorption band is modified by the presence of

e

defects or impurities which can act as either electronm, hole or

eiciton traps. Since the main concern here is intrinsic absorption
bands, absorption bands due to impurities will not be discussed.

The most widely studied both experimentally and theoretically absorption
bands on the fundamental absorption region are the so-called « and

f absorption bands. ‘The a-band is the absotption band due to excitons
trapped at negative ion vacancies while the P-band is the absorption
band due to excitons trapped at F-centre (a negative ion vacancy plus

an electron).

Delbecq et a1.29

a S el 2 R

measured the ¢ and P-absorption bands in KI .

to be located at 238 nm and 226 n, respectively. Later on Klick and

-8 -




Patterson3o measured the @ and B bands in other alkali halide
crystals. The locations of these absorption bands are as tabulated

in Table I1.1. Mention should be made of the fact that these - and

B - absorption bands are induced in these alkali halide crystals by
exposing them to ionizing radiations (X-rays) at room and low temperatures.
But in this work we are able to produce the - and B-absorption bands
in Csl by straining by cooling to low temperatures. The position of the
& and B absorption bands in CsI agree with calculations and
other measurements.

Using the charge transfer model of the exciton, Bassani and

31 computed the shift of the @ and PpB-absorption bands

Inchauspe
from the first exciton band for the alkali halides. Their calculated

values for the positions of these bands agree fairly well with measured
values. Figuré II.1 shows the model for the creation of an exciton in
vwhich the arrow represeéts the transfer of an electron from the halogen

ion to the neighboring alkali ions.

The energy difference as calculated by Bassani and Inchauspe

between the first exciton tramnsitions and the trapped exciton transitions

is made up of three parts:

(a) the difference in electrostatic energy (A Ees) due to the
Coulomb interaction of the charges in the lattice;
| (b) the difference in repulsive energy @ﬁErep) between closed
shells of electrons and
R (c) the difference in the polarization energy O&Epol) due
to the dipole moments induced on the ions by the charges present in

the lattice; that is
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FIG. II.1--Model for the creation of a trapped exciton
in CsI.

(a) Schematic representation of an exciton as the
transfer of a valence electron from halogen ion 1
to alkali fon 2 in a CsCl-type alkali halides.

(b) Schematic representation of s f-exciton. One
.electron is transferred from halogen ion 1 to alkali
ion 2 in the presence of the F-center 3.

{¢) Schematic representation of an (-exciton. One
electron is transferred from 1 to 2 in presence of
the negative ion vacancy 3.




= OE, + AErep‘+ AEpol . (2.2)

Using Eq. (2.2), these authors found general expression for the

location of the a and B bands with respect to the first exciton
absorption band in all alkali halide crystals. They observed that
the energy difference between the first exciton absorption band and

the p-absorption band is given by

AE = Eexc-EB
2
~—gﬂ _p_:+ 1+1-2cos(ru,r&)-
) 9 r. fI r 4 .2 2
0 0 1i 21 . 11 .21
e2
(Mp -m) — - (2.3)
21'0

In Eq. (2.3) the change in electrostatic energy is zero because the

~ electrostatic energies involved in the extraction of the positive and

negative ion are the same in the case of the free exciton as in the

case of the PB-exciton,

Also the energy difference between the first excifon absorption

band and the Qa-absorption band is




: 2
Kl z cos(rai,r:i) 2 cos(rn,r:i) v o
2 2 2 2 +
i X T 1 r r

pos dons a1 31 pos 1ions i 3 0
Z cos(r,, ,r,.) »cos(r‘ r..) Ie2‘
- ___g.i_,_}il_ ._______2.—11’ i M —

i 2, 2 : i 2 2 T

neg ions i 34 neg ions 14 31 o

(2.4)
where

m
8

m
[}

g!'!

Madelung constant

"interionic distance

overlap (repulsive) constant

- distance between ions 1 and 3

gosine of angles.between ;1j and ;kj
‘electronic charge

cation ifonic polarizability

anion ionic polarizabiliﬁy

F-center ionic polarizability

e2/bn%mv§

electronic mass

fréquency corresponding to F-band maximum
polarizabilities due to the displacement of the ions
high frequency dielectric constant

static

absorption peak energy of a-band
absorpfion peak energy of p-band

absorption peak energy of first exciton band

-12 -
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M = — - (1-—)
o +a Yy €,
2Q 1 1
F
M, = L= (=)
a +a_ o €
o+ a, 1 1
M; = 1 _— (1 - -—) .
a4+ 3 (o;-&d ) M €

It should be noted that T 2 P s M_, Mt , M_; depend only on the

host lattice while the coefficients of M_, M’ , u; denoted by A ,

"B and C respectively depend on the relative positions of ions 1 ,

2,3 M ,NM apd u; are quantities related to the dielectric properties
of the components of the lattice and cgn be quantitativeiy couputed

from data given in the book by Mott and Gurney.32 Also the coefficients

of M_, M and M; which depend on the positions‘of fons 1, 2,

3 are summed over all positive or negative-ion sites except that the |

sites 1 , 2 , and 5 are omitted as suggested by the primes. The

lattice sums involved in the quantities B and C are discussed in

Appendix (A) while the quantity A can be obtained directly from

Fig. II.1 using elementary geometry. The calculated values of A , B

and C are 0.2T714 , 1.232 and 0.7015 respectively.33 The numerical

results of the location of & and P-bands for the alkali iodiges'

and CsC! structure alkali halides are presented in Tgble I and are

compared with experimental data where available. This model has been

modified and extended by other auchora}h'}6 to calculate the energy -

of formation of an exciton localiged near cationic pf other complex




vacancy pairs. Tsertsvadzejh has also used this model to calculate

the energy of formation of an F-center in all alkali halides.

' D.  PHOTOLUMINESCENT MEASUREMENTS

The photoluminescent properties of alkali halides are studied
by measuring their emission and excitation spectra. In this sec-
tion, we review the work that has been done on the photolumiﬁescent
properties of alkali halides under the subheadings (1) emission and

(2) excitation measurements.

1. Emission Measurements

As with absorption meaSureﬁents of alkali halides, quite a lot
-of work has also been done on the luminescence properties of alkali
halides with NaC! st:::uct:urel"8 while relatively litt;e work has been
done on aikali halides with CsCl—struc:ure.ls-lg The observed emi;sion
spectra can be classified as being intrinsic or extrinsic depending
on whether they are excitable by host crystal absotﬁtton bands or

by impurity absorption bands in the perfect crystal respectively. As
; result of these excitations, the Ewo major emission bands observed.
in alkali halides are located in the ultra-violet and visible regioms.
In this section we review the responsible mechanism for the tuo,pijqr
intrinsic emission components in perfect alkali halides.

In an attempt to understand the mechanism responsible for these

(emiaaion bands) luminescence phenomena in alkali halides, these crystals

. are either activated wiﬁh monovalent or divalent 1npui1t£el such as

.
1]

NG, et ’ s?f , M. Electron traps are introduced in the case of




monovalent impurity doping and cation vacancies for divalent fmpurity

37-40 In other situations,bcrystals are exposed to ionizing.

doping.
bl .
radiations to create color centres.‘l 43 Recent studies showed that

energies of the order of (5-10) eV were enough to create color centres

19,43

in alkali halides. However, some authors proposed from their
optical and electron paramagnetic resonance measurements at low temperatures

that defects of stable configurations are difficult to create in CsI -

R T T

" even when exposed to severe ionizing radiations.

oy

' Tﬁe intrinsic luminescence which occurs at lower temperatures

in alkali halide crystals with the NaClA structure has been attributed
by Kablet7 and also Murray and Keller8 to the recombination of an
électrou and VK-centre (self-trappéd hole), this configuration being
denoted by (VK + e)*. This model has been used extensivély to explain
the intrinsic luminescence excited with either non-ionigzing ultra-violet
light or with ifonizing radiation at lower temperatures. There is
limited luminescence data on materials with the CsC? atructure}6-¥9
Even the existing data is mainly on ultra-violet absorption spectr¢.19’25’2h
The results of Lam;tsch et 31.19 on ultra-violet absorption and
luminescence spectra of thin films and bulk crystals of both relatively
strain free, defect free and pure Csl can be compared with our relulta.-_

At this juncture, a review of the work that has been done on the
photoluminescence of norminally pure Csl is presented.

In the so-called norminally pure CsI , lone‘autho:316'19 (Morgenshtern,

Masunaga, Towysma etc.) observed the two major couponenti of luminescence

the ultra-violet and blue emission. They attributed the ultra-violet

ERE T Ry —
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enission at LNT to the radiative recombination of electron-hole pairs,
while the second component - blue emission was explained to be due

to radiative recombinations of electrons with holes or excitons at
structural lattice defects probably of the vacancy type.

.One of these authors,'uorgenstern,16 observed emission (luminescénce)
at room temperature before hé cooled (RTBC) £he norminally pure CsIl
sample to liquid nitrogen temperature. Probably traces of 1mpur1tied
which could be an important source of luminescence was not detectable
in Morgenstern’s norminally pure sample. |

| kecent studies on the luminescence of pure CsI by Lamatsch et a1.19
at low temperatur;s showed that the ultra-violet-emission band is due
to radiative recombination of self-trapped excitons, while the blue-
emission band component results from radiative recombination of excitons.
localized near cationic-divalent vacancy complex. Since our main concern
in this work is the study of intrinsic luminescence then we shall not
discuss impurity luminescence observed by Lamatscﬂ et al. any further.
However, the intrinsic luminescence observed in pure CsI by LunatschA
etvnl. is excitable within the excitonic region at low temperatﬁros.

At LHeT , excitonic excitation gave a 290 nm emission band besides

the usual 338 nm emission band. At temperatures above 20°K,.th¢

290 nm enission band disappears, though the 338 nm band presists up

to about 120°K above which it disappears. The corresponding life times

of the self-trgpped excitons responsible for the 290 nm emissioh and

the 338 nm emiasibn are 10-7 sec and 10]'6 sec respectively. ch self-
trapped excitons responsible for the observed ihtrinsic luminescence in
Csl wis proposed by Lasmatsch et al. to bc composed of elecéron piql

trapped hole configuration.
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A thirxd compohent of luminescence often observed in alkali halide
crystals at room (before cooling) and low temperatures arises from
excitations in the activator.(impurity) or defect absorption bands in
these crystals. This extrinsic (impurity induced) luminescence lie
in the visible and infra-red regions while the exciting Impurity
absorption bands lie towards the.longer wavelength side of the first
excitonvabsorption band through the infra-red region. This type of

luminescence has been extensively studied in activated alkali halide

crystals at room and lower temperatures. Since the purpose of this work

is to study the intrinsic luminescence due to exposure to non-ionizing
UV-radiation, we shall not discuss the observed extrimsic lumingsceﬁce

A detatl discussion of the
37-b1,h4

extrinsic luminescence can be found elsewhere.

in alkali halide crystals any further.

2. Excitation Spectra Measurements

In photoluminescent measurements; the éxcitation spectrum is mea-
sured by monitoring the emission intensity at a pre-selected emission
wavelength as a function of the excitation photon énergy. The peak
of the excitation spectrum is then compared with peaks or valleys'of
the corresponding absorption spectra of the same material and at the
same temperature. If the peaks of the absorption and excitation

spectra coincide, then the observed emission band is excitsble by the

absorption band. On the other hand, 1if the excitaéion peak lies

on the long wavelength side df the absorption peak, the the

corresponding luminescence is due'co.radiative transfer of gnergy.\

o tan mm g ) e

 ——— e - e T e T Tk eema B
e s .
{
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Therefore, a combined study of the absorption and excitation spectra
can be used to provide 1nformati§n on the responsible mechapi#m for
the observed luminescence in alkali halides or other luminescent ma-
terials,

This technique has been used by Teegarden, Weeks, Edgerton and

5)611"5’,"6

a host of others to elucidate the responsible luminescent mech-
anism in Rbl and KI . Figures II.2 and II.3 show the excitation
spectra for the emission bands in RbI and KI . It is interesting

to note from these figures that a striking minimum occurs at the peak
of the first exciton band. The fact that luminescence does not occur

in the peak of the first exciton band in RbI and KI miy indicate

that excitons are mobile and can diffuse to some quenching centers

AT S

before degenerating into a trapped hole and associated electron and
vice versa. Also Lamatsch et a1.19 measured the excitation spectrum
shown in Fig. IL.L, fortthe two ultra-violet emission bands in CsI ..

The peaks of the excitation spectrum are located at 213 nm and 208 nm

on the minimum side of the exciton absorption bands. In Chapter VI,

ve shall compare our data on excitation spectra with those of Lamatsch

et n1.19

E. ELECTRON SPIN RESONANCE MEASUREMENTS

Electron spin resonance (ESR) is a powerful tool that ﬁac been used
by many authors9’h7'h9 to determine the symmetry or anisotropy of the
centers r;sponsible for the luninescénce observed in alkali halides.
This is accomplished by measuring the magnetic dipole transitions be-

tween the spin levels of an unpaired electron (or a system containing

several electrons, whose total spin S 1is nonzero) in these crystals

- 18 -
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FIG. II.3--Excitation spectrum for both emission
bands of KI at 80°K. (After Weeks
and Teegarden, 1959).
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in a static magnetic field B The change of the ESR spectrum with

0"
the orientation of the sample in the D.C. magnetic field determines the
degree of anisotropy of the paramagnetic center in the sample, If the
ESR spectrum does not change with orientation, then the center can be
considered to be isotropic (like the so-called F-center) while the
center is anisotropic if its E5R spectrum ch;nges with orientation. in
alkali halides, the vV -center (self-trapped hole) is anisotropic.
Figures I1.5 and 1I1.6 show typical ESR spectra of an F-center and a
VK-center in a KC¢ crystal.

From the ESR spectra, other information besides the degree of

anisotropy that can be obtained include

(a) the number of centers which can be obtained from the area
under the ESR spectrum and the number of spins. The ESR
technique can also be applied to the measurement of the
oscillator strengths in optical absorption bands. '

(b) the hyperfine structure (HFS) which provides the most
extensive and exact information concerning thé atomic and
electronic structure of the centers. This information can
be obtained from the number and the intensity ratio of the
resolved HFS lines, the size of the splitting and the angu-
lar dependence of the‘spectra.

(c) the g-factor gives important information about thé structure
and energy levels of the centers from small g shifts (from
the free electron value 2.0023) and their anisotropy, and

(d) the relaxation times, T, and T, can give information

2
regarding the nature and strength of the coupling of the

- - . -
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FIG. 1I.5--ESR spectra of F-centers in KCl ,

RbCl, and NaF.
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FIG. II.6--The ESR spectrum of Vy centers in KC1.
field along a <100> axis, T = TT%K, V = 263 Mc/sec.
The hyperfine structure results from the interaction
with the nuclei C135 and C157 (each with I = 3/2)
(Castner and Kidnzig, 1957).
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electron spins with one another and the thermal reservoir

of the lattice as well as the structure of this reservoir.

L
: v

Thus from a combined knowledge of the g-value, the degree of
anisotropy and the number of lines and the width of the ESR spectrum,
we can often associéte a specific configuration with the center under
consideration. This method has been used by Hutchison,hl Kanzig,9
and others*™¥9 to identify trapped clectron and holes in alkali ha-
1ides. We also use this technique in this work to identify the parﬁ-
magnetic species produced by cooling and exposing CsI to non-ionizing
radiations., The ESR work on CsI presented in Chaptef V was done, not
only because there has been no ESR data on pure CsI which is rela-
tively strain and defect free, but also to suppﬁrt our optical data
on Csl yhich Suggests the existence of paramagnetic centers pro-

duced by cooling and exposure to non-ionizing radiatioms.
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CHAPTER III
THE PHOTOLUMINESCENT EXPERIMENT AND

EXPERIMENTAL TECHNIQUES
A. INTRODUCTION

The details of the photoluminescent and electron spin resonance
experiments and associated apparatus have been d:lscussed_elsewhere.s’s’g’hs-hg
"In view of this, only a skeletal synopsis is included here and emphasis will

be on sample preparation and apparatus used in the course of this work.
B. THE PHOTOLUMINESCENT EXPERIMENT

In this work photoluminescent properties of pdre and strained
CsI samples were studied by measuring their absorption, emission and
excitation spectra discussed in Chapter 11, as the temperature was
cyéled from room temperature before cooling (RTBC) to low temperatures
(LT) and back to room temperature after cooling (RTAC). These samples
used in this work were mounted 6n a copper block with silicone vacuum
grease to provide thermal contact between sample and copper. The aim of
this work was to learn more about the responsible mechanism for the
observed intrinsic luminescence in alkali halides with CsCZ-structure
taking Csl as a case study. The strained samples of CsIl were
studied in order to substantiate our association of the RTAC luminescence
observed in pure CsI with vacancies produced by cooling and exposure
to non-ionizing UV-radiation.

Evaporated thin films of Csl were obtained using superpure powders
purchased from the Merck Company while the bulk single crystals were

supplied by the HarshawChemical Company. The sodium content of the
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Harshaw sample was less than one part per million. These bulk sinsle
crystals measured (1.27 X 1.27 x 0.2) cm in size. The vapor depositions
technique uséd to evaporate our films has been discussed in detail
- elsewhere. A Cary 14 spectrophotometer was used for the absorption
measurements while Fig. I1I.1 shows the experimental set-up for the
emission and excitation measurements. The light source was a Bausch
and Lomb deuterium lamé vwhich had a fairly flat spectrum from 2000 X _
to L4000 X without any sharp lines. The light went through a grating
monochromator which had a small driving motor to provide steady scanning
speed, and then through a mechanical light chopper. The chopped mono-
chromatic light was incident upon the large face of the samples (the
100 face in ghe case of single crystals) in the &ewar. The emission
was measured at right angles to the exciting light in order to avoid
the interference from the transmitted and reflected light. Passing
thirough another grating monochromator, the emission w;s detected by
an RCA 86L5 photomultiplier tube with an S-20 spectral response. The
detected signal was fed into a lock-in amplifiér, which picked up ghe
reference frequency from the chopper, and then recorded by a strip
chart .xecorder. A family of absorption, emission and excitation spectra
for both thin films (500-2000 K) and bulk single crystals were measured
as a function of excitation wavelength as the temperature was cycled
from RTBC to LT and-back to RTAC. |

In photoluminescent measurements on alkali halides some basic
assumptions are generally made. They are:

(a) only direct optical transitions between electronic states

aré involved,
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FIG. III.l--Experimental arrangement used to measure
emigssion and excitation spectra.
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(v) irradiations of threshold energy of about 5 eV is emough
to create excitons; color centers and free electrons and holu.ao’a1
The first assumption stems from the fact that alkali halide

crystals have direct band gaps. The case of indirect transitions in
alkali halides, to our knowledge, has not been reported. One of the
models used to relate optical properties to electronic structure in
alkali halides is the Adiabatic or Born-Oppenheimer Approxima:ionso wvhich
asserts that (a) in optical transitions, the electronic state

at each instant is eaken to be the same as though the nuclear coordinates

were at rest at the positions they have at this instant; and (b) the

state of the system can be decoupled into electronic and lattice parts

] (3.1) .

'system electrons ‘elattice

vhere Y and ¢ are wavefunctions. It

system ’ Velectrons lattice

should be noted that the first assertion under the Adiabatic Approximation
requires that the frequéncy of the electronic motion be much greater

than the frequency of lattice vibtationsl or

N Ax
( << 1
E, -~ E, (ax)
where E. - Eb s the energy separation of the electronic levels;

(ax)’

(3-2)

is the nuclear displicement and Ax 1is the amplitude of the

lattice vibrations of frequency « . Under this condition, a slight
departure from the validity of the Adiabafic Approximation represents

the pfinar& sources of dissipative, non-radiative transitions because
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the lattice vibration frequency is now greater than the frequency
of the electronic motion. Consequently the electrons will just give
off their energy in the form of heat to the system. Another mbdel
generally used in the study of the cptical transitions in alkali halides
is the Frank-Condon Principlese which asserts that during optical '
‘transitions the nuclear coordinates do not change and which leads to
the so-called "vertical transitions". The essential difference between
these models is that the Adiabatic Approximation'deale with decoupling
electronic states irom nuclear states while the Frank-Condén Principle
deals with the vertical transitions between electronic states.

_Within the frame-work of the Adiabatic Approximation, the basic
equations which relate the emission probability and absorption cross-
section to energy Ejk}!ﬂ ‘ for transitions between electronic cta;gc

j and k arc53

2 2 :
€ H : .
Yes(B) = {('L) }—ﬁ Z'Ekj,aa's'-waa' 53,80 (8

€0
(3.3)
and
22
¥ lm”e 2
(B = {(e‘ ) n} Z L aBHEJkabI S5k, ap (2
0 (3 )

respectively., The matrix element r is defined as

=3k, ap

- -
gjk,aﬂ = fdz _/‘dg'k;a(x) ’j: (r E'kB .k:(:)
(3.5)

Here AV, , Aﬂb are statistical average over the occupied initial

vibrational states Q and B ; o ¢ the average olgctric field within
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the medium, S N is the effective field at the center, n the
refractive index and the shape functions S;k(E) and ﬁij(E) are

‘normalized such that ' ‘ '

s;k(z) dE = [sf‘j(z) dE = 1 .

P N .-
AL L :‘ . . N
ST TS L -
R

Other constants have their usual meaning. The ratio (e‘)¢ko)2 is
of the order of 2 in alkali halides. Using the principle of conservation i
of energy, the shape functions S?k(E) or Séj(E) can be replaced by 's-_‘l

delta function & [ - -EJ] s which in effect smears out to give
B .

Eiq
the broad bands (composed of a large number of unresolved lines)

Lo
AR it
PN/ T A

S,
o e

observed in absorption and emission spectra in photoluminescent measurements.

Exposing alkali halides to radiations of (~ 5 eV) at room and low )

temperatures is believed to generate free electrons, holes, excitons
(electron-hole pair bound together by their Coulombic interactions)

and color centers.

!xciténl:

Excitons are detected by optical absorption measurements from

which the peak energy of -absorption can be related to the energy band

gap and effective mass bylo’ah’aé’su : ' A
4 , .

ne h

hV, = E = ———— (3.6) S

n 8 znaeana . .

where n 1is the principal quantum number and the reduced mass p

defined as




1 1 1 1
S (5.6) ¥
" "e "™

with m: and m: the electron and hole masses and ¢ 1s the
appropriate dielectric constant. For very small radius (of the order
of on;_interionic spacing) excitons, a value of unity is approprinte
for € while for extremely large radius exciton, the static dielectric
constant (es) should be used. However within these two extremes,

as is always the case in alkali halides, the high frequency dielectric
_constant (ec) is appropriate.  The bound state§ and corresponding

energy level diagrams of the exciton below the bottom of the conduction

RPN S upeew "1° W LV LS T VY Y o

band are shown in Fig. III.2 . Figure III.3 shows the absorption spectra
of a typical alkali halide over a wide range of energy. The exciton
bound states are created between Ex and Eg . Above Eg ’

electron-hole pairs are created and photoconductivity sets in.

free

L The luminescence process thus involves the downward transtions

iy Ll i ot
R RN X
pgft~ TSR )
- Tel WTR

of these excitons from their relaxed excited states to lower or ground

T
P S

states. The combined process of absorption and emission is represented

PREESEES-*
e
o

L m
'whe Y

fairly well on a configur#tion coordinate diagram (CCD) showm in

Fig. II1I.4 . 1In the ng. III.Y4 the ground electronic state m and

-
. . the excited electronic state k are shown, with the varia;ion in ;g?l ?
: § energy of the system with the effective nuclear coordinate R given bﬁﬁ E
3 % _ by thg parabolic curves and the long arrows show vertical transition : o a%%?
i, ! between ground and excited states. From the CCD , information concerning ?E- ;
! A

the bandwidths of absorption and emission, the temperature dependence W

of the luminescence process and the Stoke's shift (energy difference
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for the various peaks are discussed
in the text.
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between peak of absorption and emission) can be obtained from this
model. An experimental calculation of the CCD has been discussed

53-54 .

elsewhere.

Color Centers:

These are lattice defects that absorb visible or infra-red light.
Examples of which include the F- and F-center aggregates and V-centers.
An F-center is an electron trapped at a negative ion vacancy. Other N
complexes formed from F-center aggregates are the so-called M- and
R-centers. The M-center is composed of two F-centers while the R-center
is made up of three F-centers clustered together. Another center of . a
ianterest is the F’-center which is an F-center plus an electron. b

. : |
0f all the V-centers, the V _-center or the self-trapped hole have } ’ |

K
been most widely studiéd and fairly well understood in alkali halides.
Another well known center is the H-center, a self-trapped hole in an x
interstitial position in ﬁhe lattice. The VK- and the F-centers gre
discussed in Chapter V. A detail discussion of these éentets can be

7:8) 9, ’4‘7‘55

found elsewhere.

c. EXPERIMENTAL TECHNIQUES

In this section, the equipment and techniques used for the photo- 3

luminescent and electron spin resonance measurements will be discussed.

P SNt

1. High Vacuum System

The high vacuum system used in our photoluminescent measurements

consisted of a standard Varian Associates FC12-E high vacuum system

TEET A 34,
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containing two VacSorbs, titanium sublimation pump, 200 l/s vac ion
pump and a cryopump. This system provided fast pumping speed and
extremely low contamination which is more difficult to achieve with
oil diffusion pumps. The control unit consists of two gauges, one
gauges measures pressure between one atmosphere to about one micron

and the other gauges pressure between 10"5 - 10-9 torr. Figure III.5

shows the entire unit. Typical base pressure of this.high vacuum

system is 10“9 torr.
2. Dewars

Two different types of dewar were used to measure the absorption,
emission and excitation spectra of pure CsI as a fuqction of temperature.
One is a small liquid nitrogen dewar which can only be used to take
measurements from room to liquid nitrogen temperatures. The other
one is the liquid helium dewar which can be used to take measurements
at regulated temperatures from room to liquid helium temperature and
back to room temperature in a continuous fashion. Figures III.6 and
III.7 show the schematic diagrams of these dewars.

Liquid helium dewar - Fig. III.7 shows the schematics of the
liquid helium dewar, which consists essentially of two major parts:

(a) the sample support tube which consists of the electrical

feedthroughs, the heater system, the thermocouples (temperature
sensof) and the sample holder on which the samples used in

this work were mounted with silicone vacuum grease.

the dewar body itself which includes the vacuum jacket,

samples chamber, liquid nitrogen and liquid helium reservoirs,

B BodliD - 2 R
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FIG. 1I1X1.5--Schematic diagram of the Liquid Nitrogen
Dewar.
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FIG. II1.6--Schematic diagram of the Liquid Helium Dewar.
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throttle valve (which regulates the flow of coolant), the

nitrogen shield and the tail which consists of the four outer

or "warm" windows three of which are made of suprasil quartz

and the fourth from beryllium for introducing ionizing radiation

onto the samplé.
Ihis devar is é 02&/7M variable temperature cryogenic system made'
A Sy Andonian Cryogehics, Inc. Though the dewar is pretty standard for
photoluminescent measurements, we mention a few alterations made during
the course of this work.

One of the changes made was 6n the heating system. The heater
wire was changed from stainless steel wire to a manganin wire which
can withstand greater power. A special type of low temperature epoxy
called stay cast epoxy was used to glue the heater wire to the block
the sample holder is screwed into. This epoxy was made from the
mixture of about 96% stay cast plus L% catalyst which can be obtained
from the Emerson and Cuming Cémpany. For a very firﬁ hold, and to
avoid short-circuits, the heaterwire was embedded in layers of the
epoxy painted on the block holding the sample holder.

Another change made was on the seal for the cold windows. The
major proSIem encountered came from leaking cold windows during the
use of the liquid helium dewar for measurements at liquid helium
temperatures. However, this problem was overcome by the use of
a 10 mil thick indium wire instead of the indium gasket that came Qith
the system. Loops of appropriate windows size were made from the 10 mil

thick indium wire for sealing purposes. It should be noted that care
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should be taken to cool a fixed cold window very slowly to liquid nitro-

Iw«"t” . -
B O

WD

;en temperature before leak checking, otherwise a rapid cooling will

* frceze up the indium seal and consequently open the window again. The

N
.

only advantage the indium wire has over the indium gasket is that the

indium wire not only allows greater pressure to be applied but also ‘ gﬁ’ §
-spteads more evenly when sealing the windows. ; I

The 1as£ alteration made was on insulation. We observed th;t we |
cannot cool the system to liquid helium temperatures if there is contact ;ﬁ.

between the tail of the sample chamber (which consists of the cold win- ] {;

dows), the nitrogen shield -and the outer tail (which consists of the

"warm" windows). To overcome this problem we insulated them from each

other by using "O-rings" (made from teflon tapes) between the inner tail
and nitrogen shield and between the nitrogen shield and the outer tail.

The insulation facilitated easy cooling things being equal in the system.
Liquid Nitrogen Dewar:

This is a very simple dewar. It has a liquid nitrogen reservoir
and a sample chamber with four windows made of suprasil quartz, as showm

in Fig. II1.6.

3« Temperature Sensor

The temperature between room and liquid nitrogen temperatures

was sensed by a platinum resistance thermometer while that below liquid

?
nitrogen temperature down to about 1°K vas sensed by a Carbon-glass ?
thermometer. These temperature sensors are commercially obtained from v

% the Lake Shore Cryotronics, Inc. Figure III.8 shows the électrical ‘ R
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FIG. II1.8--Calibration curves of (a) Platinum Resistance lnd
(b) Carbon-Glass Sensors. '




connections of these sensors from the electrical feedthroughs on the

sample support tube of the liquid helium dewar to the temperature

e w——_— Y

controller TC-103. Figure III.9 Shows the caliberation curves for

these sensors.

Sample Preparation

" (a) Preparation of CsI

Pure bulk single crystals of CsI were purchased from the Harshaw
Chemical Company. They were cut from ingots that have been well-

annealed and zone refined and oriented along the (100) face. The

crystals were (1.27 x 1.27 X .2) cm in size. The sodium content was

e om A el o £ WA P PO T 7 e s e =

-

less than one part per million. Before these samples were used for

S -

measurements, they are polished with methanol on lens paper.

e

-

Thin films:

T W 2T X

A vapor deposition technique mentioned previously was used to

arme,
-

ws

evaporate the films. These films were evaporated on RT(300°K)

>

>y

and (hOOOK) suprasil quartz II substrates 1.27 ecm X 1.27 ecm X 0.1 cm

in size, and annealed at this temperature for a period of 12 hours

S Temeser eI

and slowly cooled to RT at a rate of roughly 8.3°K/hodr to produce
relatively strain and defect free films. More rapid cooling produced

strained films which then luminescenced at RTBC. Heating was provided

by a stainless steel block with heaters and a chromel-alumel thermo-
couple embedded in it upon which the substrates were mounted. The

thickness of the films deposited were measured by a Sloan DIM guage
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connected to a quartz sensor head in the vacuum chamber. After films
were prepared in vacuum, the system was let down to nitrogen atmosphere
and the samples were tranferred to the experimental dewar discussed

above while continuously blowing dry nitrogen gas on them.

(b) Preparation of strained (CsI:

Pure bulk single crystals of CsI were strained both mechanically
and thermally. The mechanical strain is achieved by compressing along
the (100) plane using an Instrom Mechanical Testing Machine with plastic
deformation of 4% ( éﬁ*) being typical. Thermal strain is obtainable
by heating the bulk single crystals or thin films of pure CsI to a
temperature of about SOOOC and cooling the sample to room temperature

in 3-4 hours.
5. ELECTRON SPIN RESONANCE MEASUREMENTSss

The samples used for ESR studies were single crystals all having
a rectangular shape of dimensions 15 mm X I mm and a thickness of 2 mm.
The crystals were purchased from the Harshaw Chemical Company with the
pure CsI having an impurity content of < 2 ppm or roughly .00l mole
percent and CsI(T!) of21 ppm or approximately 0.1 mole percent. The
crystals were gttached to a quartz sample holder with DUCO cement and
rotated about the long axis with a goniometer such that the (100)
crystallographic direction could be oriented parallel and perpendicular
to the DC magnetic field, “o . The experimental apparatus consisting
of a standard Varian E-112 ESR spectrometer with a standard E-231

multipurpose cavity operating in the TEloé mode was used along with
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~ modulation frequency of 100 kHz ahd a peak-to-peak field modulation

a standard dewar insert and variable tempevature unit (E-257) operating

between 80°K and 573°K. All spectra were recorded using a field

e

amplitude of 20 G. Although the incident microwave power on the
cavity was varied, generally, experiments were carried out at incident
powers of 200 oW for purposes of sgnsitivity. Field scans of 1 kG to
L kG centeréd abdut g = 2 (~3.3 kG) were chosen to present the data
in the most convenient manner. |

ESR experiments at 20°Kk were done with a Helium flow system
employing a home built transfer tube, a silvered extention dewar, and
a standard E-231 cavity dewar insert. One end of the transfer tube
was immersed in a 25 liter He dewar while an extension dewar was
attached to the other end and to the standard dewar with common pinch
clamps to glass ball and joint sockets. The total distance from the
He dewar to the ESR cavity was about one meter. The temperature at
the sample was controlled by regulating the flow rate of He gas
over the sa&ple - He dissipated at a rate of about one liter per hour
was sufficient to maintaiﬂ sample temperature of ~ 20°K. The flow'
rate was controlled by the amount of power dissipated in a 2 watt resistor

attached to the immersed end of the transfer tube, the current through

the resistor being controlled with a standard 0-20V 0-1.5A Harrison 0

6201A DC power supply.

: s A

Optical irradiation of the sample was done with a Bausch and Lomb . !
high pressure Hg vapor lamp aﬁd attachable monochromator. The incident

1ight passed through fhe optical grid of the standard microwave cavity

e AR . T WA 5 T
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750% transmission) through a suprasil quartz dewar insert and onto

the sample. In nearly all cases, sample irradiation was done at 217 nm
and 235 nm, the first exciton absorption band and the absorption edge

respectively.

.
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CHAPTER 1V
PHOTOLUMINESCENT STUDY OF PURE

AND STRAINED CsI
A. INTRODUCTION

In this chapter is presented a study of the photoluminescent
properties of both strained and pure CsI crystals. In each casé,
thin films and bulk single crystals of CsI were studied by measuring
their absorption, emission and excitation spectra as the temperature
was cycled from room to low temperatures and back to room temperature.
We denote this cycling as RTBC (room-temﬁerature before cooling) to
liquid nitrogen LNT to LHeT (liquid helium temperature) to RTACk
(room-temperature after cooling).

This chapter will be divided into three parts, the first of which
deals with the general information which is necessary for the under-
standing of the photoluminescent experiments on CsI . In Section B,
the photoluminescent studies on Csl are given and possible inter-
pretations are given for the observed spectra. Similarly in Section C,
the photoluminescent studies on plastically deformed or thermally
quenched CsI are presented and discus#ed. The results of the gefornod

and undeformed crystal were then compared.

B. INTRODUCTION T0 CsI°' 29

The crystallographic structure of Csl {s shown in Fig IV.1. ;
The physical, thermal as well as optical properties of CsI are tabulated

in Table I.1 along with other alkali iodides and cesium halides. Since

‘ - 48 -

P

et D TR e T T e TR A T



FIG. IV.1--The cesium chloride
structure.
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Csl crystallizes in the cesium chloride structure, it has a coordination
number  of eight. That is each fon (Cg or I ) 1is surrounded by eight
nearest neighbors. So, an electron transferred from the iodiune ion

is shared between eight nearest neighboring alkali ions. Like all other

A — e
- ——————

alkali halides, the highly ionic character of (sl makes it properties

el

profoundly affected by strong Coulomb interactions. CsIA has a large

e
’ g
RER

binding energy (~ 6.3 eV) and high melting point (~ 621°C) which makes availablei‘f;

poai

a wide range of temperatures over which its properties can be studied.

The electronic band gap of CsI is 6.37 eV. This large electronic

band gap thus also provides a wide transparent spectral region in which
the effects of impurities, vacancies, color centers and other defects
may be studied.

At normal temperature and pressure, Csl crystallizes in the

body centered cubic configuration, with a basis consisting of the anion

(iodine ion) at (O, O, 0)‘ and the cation (alkali ion 2t (3a,4a,2a),

vhere a 1is the length of a cube side. However, at a temperature

above h20°c, CsI changes phase and crystallizes in the NaC! structure.
Also Csl 1is a soft material and is so temperature sensitive

that strain patterns develop when it is held by hand (probably the effect‘

of strain hardening). CsI should be handled with care because it

is slighly hydroscopic and also its solubility is temperature dependent

as bl g of CsI will disolve in 100 g of water at 0°c while at 35.600,

106 g will disolve in 10X g of water. Thus the temperature dependence

of its solubility not only limits the use at high temperatures but

also great caution should be taken in polishing operations using a

wet lap. The elastic constants especially that along the (100) direction
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(chh) , density and dielectric constants of CsI depeﬂd strongly on
temperature. The anisotropy drops considerably in going from Lithium
halides to cesium halides. This sudden drop is probably due to the
increase of nearest neighbors in Cs-halides. Even among the Cs-halides,
CsI is the least anisotropic. This highly isotropic behavior of CsI
is probably responsible for the inability of many experimentalists to
induce color centers in this material by using X-rays or other energetic
particles except only by electrolysis. However, we observed that
cooling and exposing Csl to non-ionizing ultra-violet radiation at

low temperatures is enough to create a measurable amount of color
centers.

Figure III.3, shows the absorption spectrum of a typical alkali
halide crystal, where the peak at ~ 0.03 eV is associated with optical
phonons and that at ~ 8 eV is due to electronic excitations. For
CsI, the peak associated with e}ectronic excitations starts from ~ 5.64 ev
and the transparent region lies between 5.€L eV and 0.03 eV. The
dispersion behavior in this ;ransparent region can be characterized
by a high-frequency dielectric constant € = n® , where n is the
refractive index. Figure IV.2, shows the available data on the alkali
iodides refractive indices as a function of energy. .

As in other alkali halides, the alkali ion (C:) lies considerably
lower in energy than the halide fon (I ) in CsI such that the electionic
excitation giving rise to the absorption peak at E (5.6L eV) results

from the transfer of an electron from the halide-ion p-orbital to

an orbital that leaves the crystal in the lowest excited states. The
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lowest excited state orbital is supposed to be toEally symmetric about
the halogen, thus possesging a Fl - symmetry. BRetween Ex and E; ’
bound excitons of large radius are created. For energy greater thaﬁ
Eg , photoconductivity sets in, |

Consequently, we can view the emission process in Csl (as in
other alkali halide crystals) as being due to transition from the

relaxed lowest excited states of the crystal to lower or ground states.

The configuration coordinate model used to describe the relaxation

and emission process in alkali halides is discussed in details elsewhere.5

It should be noted that alkali halides of the CsCf type have
received considerably less attention than the NaC!/ type crystals
in the field of luminesceqce st:uc:lies.l‘z—19 This is probably due to the
complexities of these crystalé ﬁnd the difficulty involved in inducing.
color centers in them by coloration or exposure to ionizing radiatiéns.
In fact the only successful attempt to induce color centers in Csl
was by electrolysis. The proposed models for the luminesceat mechanisa
in CsI vary from author to author16'19 and thus much work 1is necessary
to get a clearer picture of what is going on. We therefore under-
took our photoluminescent and EPR studies of pure and strained Csl
to help elucidate the responsiﬁle mechanisms for the intrinisc
luminescence observed at room aﬁd low temperatures. We discuss dur
results in the next section and in Chapters V and VI.

Several samples were used for study in each measurements to verify

the reproducibility of the results. Additional information concerning

the sample preparation can be obtained from Chapter III.
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As is often done, the abscissa of the absorption spectrum is

measured as the energy of the absorbed photon and the ordinate is
measured in optical density (0.D.). The 0.D. is related to the
absorption coefficient a(cm-l) and the sample's thickness d(cm)

by ad

A evm—

2.3

which is a dimensionless constant because @ 1is measured in un-l

0.D. (k.1)

and d in cm . Similarly, the abscissa of the emission spectra is

measured as the energy of the emitted photons and its ordinate as the
intensity‘of the emitted photons. Often the ordinate is measured in

the quantum efficiency defined as,

nQ 'of emitted photons number of emitted photons

n2 of sbsorbed photons number of absorbed photons

143 ge/¥T (4-2)

A

where S and ¢ are the frequency factor and the activation enexgy
for the non-radiative transition respectively and A 1s the spontaneous
radiative transition probability.

The photolumin;sccnt data presented thfoughout this work has been

corrected for the spectral response of the system.
C. RESULTS: PHOTOLUMINESCENCE FROM PURE Csl

1, Optical Absorption

Measurements were performed on both thin films and bulk single

crystals, tine thin films being used for measurement between room and
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liquid nitrogen temperatures while the bulk crystals were employed
in the 150°K to LheT range.

~The ultra-violet absorption spectra of the thin films (600 X)

of pure Csl are shown in Fig. IV.B. At RT (before and after cooling)‘

absorption peaks are observed at 220 nm (1lst exciton band) and 205 nm.
These peaks sharpened, with the 220 nm band shifting to 215 nm at LNT
as shown in Fig. IV.3. The shift of the first exciton absorption band
(220 nm) at RT to 215 nm at LNT is probably due to strain induced by
cooling. fhis effect has been noted by Lynch and Brothers.16 The
bulk single crystals which were 3" x 3" x 2 nm and had the (100) face
perpendicular to the radiacioq in the Cary 1L, were used to revéal

any structure occurring in the long wavelength tail of the fundamental
absorption. The absorption spectra for these crystals in this region
are shown in Fig. IV.L for temperatures of 120%K, 90°K, 60°K and LieT.
At 120°K absorption peaks appear at 225 and 245 nm. The position and
relative intensity of.tﬁe 225 nm peak does not appear to change much
with temperature. The peak at 245 mm at 120°K shifts to 240 mm at

SOOK, 238 nm at 60°K and 237 nm at LHeT, the relative intensity almost

doubling in this sequence.

2. Emission and Excitation

Because of temperature cycling we have for convenience divided

our results into data between room (RT) and LNT and RT and LHeT.

(a) Thin films

Figure IV.5 shows the emission spectra which were measured for

thin (600 ) films of pure Csl. As in prior studies,ls emission

-55.
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was not observed at room temperature before cooling (RIBC) for

excitation at the absorpt;on cdge or the excitonic region. Excitation

in the excitonic region at LNT, however, produced an emission that peaked
at 350 nm.ﬁhile excitation in the fundamental absorption edge produced

a weak luminescence at 430 nm in addition to that at 350 nﬁ . When

the sample was warmed to RT, the crystal exhibited a room temperature '
affer cooling (RTAC) iuminescence which peaked at 350 mm.

Figure IV.6 shows excitation spectra for thin films for ultfa~
violet emission at 350 nm at LNT and RTAC. At LNT, the excitation
spectra has a strong peak at 217 nm and a smaller one at 235 mm while
the RTAC spectrum has a large peak at 235 nm and a broader one

centered at 280 om .

(b) Bulk single crystals

The bulk single crystals of pure CsI exhibited no emission at

RTBC but at LNT, (Fig. IV.7a) gave rise to both the ultra-violet

(350 nm) and blue (120-430 nm) emissions for excitonic and fundamental
absorption edge excitations respectively. RTAC measurement showed an
emiasion.that peaked at 44O nm and 540 mm for absorption edge (235 nm)
excitation, as shown in Fig. IV.7(b). Excitation spectra (Fig. IV.8a)
of the UV-emission at.350 nm peaked at 220 nm with a relatively small
contribution at 235 nm while the blue emission (420-430 nm) has an

excitation peak (Fig. IV.8b) at 24L0-250 nm on the long wavelength tail

of the fundamental absorption. Figure IV.8(c) and (d) shows the RTAC

"excitation spectra for emission at L4O and 54O nm, both having an

excitation peak at roughly 237 mn .
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FIG. IV.6--Excitation spectra of thin film of Csl at ' i.» i
a) LINT for emission at 350 mm Sy {
b) RTAC for emission at 350 mm. ' o
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1V.8--Excitation spectra of bulk single crystal of Csl at

LNT for emission at 350 nm
LNT for emission at L25 nm
RTAC for emission at 470 nm
-RTAC for emission at 540 nm. .
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The absence 6f luminescence at RTBC for excitation either in the

excitonic region or the fundamental absorption edge does not agree with

Morgenstern's results19 who observed emission from his nominally pure

Csl samples. From our observations this ‘disagreement might be attributed

to the presence in his crystals of trace impurities whose importance
as a source of luminescence was not appreciated at the time. Other

18,20,21 observed RTBC luminescence in pure CsI but after

authors
they had either been plastically deformed or quenched to RT from high
temperatures.

The ultra-violet luminescence at 350 nm observed at LNT in both
thin films and bulk single crystals of pure CsI for excitonic
excitations is in agreement with other studies.15 That the
corresponding excitation spectrumpeaks at 217-220 nm in the excitonic
region (with humps at (235-237 nm) supports our contention that this
luminescence is due to electron-hole radiative recombinations at sites
created by cooling and exposure to nonionizing ultra-violet light.
Absorption edge excitation (25h nm) at LNT gives strong luminescence
at 425 nm for the bulk single crystals and Soth'a weak luminescence

at 430 nm and strong one at 350 nm for the thin films. The excitation

spectrum of the blue luminescence (425-430 nm) peaks at 237 mm.

When these samples warmed from LNT to RT, they exhi“ited luminescence

for absorption edge excitation which was not observed at RTBC. This
RTAC luminescence for the thin films might be tentativély explained

as being from radiative electron-hole recombination at sites created
by (1) cooling or temperature cycling and (2) exposure to non-ionizing

UV-radiation at LNT. Figure IV.9 shows that the intensity of the
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RTAC luminescence at 350 mm for an unirradiated sample at LNT is
* less than that of a sample whigh had been exposed to non-ionizing
tV-radiation at LNT. This&;uggests that the center responsible for

the RTAC luminescence is created by temperature cycling (cooling)

and apparently further enhanced by irradiation with non-ionizing

altra violet light at LNT. As one explanation, the disappearance

of RT luminescence from thin films through annealing might indicate

that the center which is responsible for the RTAC luminescence is
associated with structural lattice defects (perhaps of the vacancy

type) in the crystals. |

Using the model developed by Bassani and Inchauspe,ah we
calculated the positions of the @ and f - bands in Csl to be.
respectively located at (235 * 5 nm) and (224 * 2 nm). Pauling's
theoretical values of fonic polarizability25 and the position of the
F-band given by Lynch et a1.26.have been used. See Appendix I.

The ratio of the position of the B-band rélative to the first
exciton absorption band and that of the a-band is in agreement with
those calculated by Bassani and Inchauspe for some alkali halides
crystals.ah

Therefore, as another explanation, the peaking of the excitation
spectra at RTAC of the ultraviolet and both the blue and yellow .
luminescence at 235 nm (the position of the a-band in CsI) and a small
contribution from the 280 nm band suggests that the RTAC luminescence
observed in CsI 1is probably due to radiative recombinations of excitons
trapped at halogen-ion vacancies and electron excess-centers which were

produced by cooling and exposure to non-ionizing UV-radiation at LNT.
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The following discussion concerns measurements between LNT and
LHeT and were taken exclusively on bulk single crystals.

The low temperature luminescence of relatively strain and defect
free and pure Csl 1is excitable in both the excitonic and fundamental
absorption bands. Excitations in the excitonic region give rise to
three emission bands at 300 nm, 350 nm and 430 nm respectively at

~ temperatures below 25°K, the 300 nm band presumably being that ﬁeasured
by Lamatsch et a1.15 At 259K and above, the 300 nm and the 430 nm
emission bands were unmeasurable for excitonic excitations but the
350 nm emission intensity correspondingly increases and stays constant
up to 770 (LNT) after which at 90°K the intensity drops considerably
to about 10-15% of its value at LNT. At about 150°K and above this
350 nm emission band was unmeasurable for excitonic excitation. The
evolution of the emission intensities of the 300 nm, 350 nm and 430 nm
for excitonic excitations as a function of témperaCure is shown in
Fig. Iv.10(a). Figure IV.10(b) gives the excitation spectra for these
emissions at 10°K.

Figure IV.11(a) and (b) shows the evolution of the emission spectra
of a bulk sing.e crystal of CsI as a function of temperature for
excitations at the 0-band (235 nm) and the B-band (225 mm). Between
20°K and 779K, the emission intensities of the 430 nm.and 320 nm
bands are relatively constant for B-band excitations as‘shown in
Fig. IV.11(b). For a-band excitation, within this temperature range,

the emission intensity of the 430 nm emission band is constant but

though the 320 nm emission band has constant emission intensity

between 60°K and 77°K and a weaker emission intensity at 35°K, it
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disappears at 20°K when a new band appears at 380 nm. It is interesting
to note that at 90°K, the 320 nm band disappears for excitations in
either the @ or B-band and the intensity of the 430 nm decreases.

Figure IV-11(c) gives the excitation spectra at 20°K.
D. RESULTS: PHOTOLUMINESCENCE FROM STRAINED CsI

1. Optical Absorption

The optical absorption measurements were performed on both thin
films and bulk single crystals at room and liquid nitrogen temperatures.
Figure IV.12 shows the ultra-violet absorption spectrum of the thin
films of strained CsI . The absorption spectra of plastically deformed $oy

CsI is also shown in Fig. IV.13, ) ) i

Thin films: The position of the exciton absérption bands in the
strained films are located at 220 nm and 208 nm at RTBC and RTAC while
at LNT the 220 nm band shifts to 215 nm and the 208 nm slightly shifted
to about 207 nm. This exciton absorption band shift with temperature i
and strain has been explained by Lynch et al.

The bulk single crystals show shoulders at 225 nm and 237 mnm

el

at LNT. There was no structure at RTBC and RTAC. :

2. zmission and Excitation

(a) Thin films

Figure IV.l; shows the emission spectra which were measured for

thin fiims (500-2000 {) of thermally quenched CsI at RTBC and other

temperatures. RTBC luminescnece is only excitable at the fundamental
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OPTICAL DENSITY (ARBITRARY UNITS)

\

! | |
200 220 240 200 220 240

FIG. IV. 12--W-oblorption spectra of the thin ﬂ.hn
of strained Csl
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absorption edge, excitonic excitations give no RTBC luminescence.

f e e —taan ¢ —————

» Besides the 350 nm emission, is the bre id band 1umineséence centered
R at 430 nm though weaker than the 350 nm peak. At LNT and RTAC,
} . luminescence measurements are identical to the pure sample (Section II)
except that the strained sample luminescence is more intense.
The excitation spectra for the strained samples showm in fig. Iv.15

are identical to those of the unstrained samples.

(b) Bulk single crystals

Figure IV.16, shows the emission spectra of a plastically deformed
'CsI with 4% strain for various excitation evnergies at RTBC. For all

excitations, the emission peaks at 440 mm though with varying intensities.

—

At LNT, excitations from the excitonic through the long wave length

) (200-250 mm) show emission peaks at 320 mm, 350 nm and 430 nm as shown
in Figs. IV.17(a) and IV.17(b). As at RTBC, no emission for excitonic

excitations occur. The excitation spectra of the observgd emission

R R

spectra at RTBC, LNT and RTAC are shown in Fig. IV.18.
Discussion:

At room temperature excitation at the so-called (235 om) and
B-(225 mm) bands did not give rise to emission while excitations within
(237.5-250 mm) gave emission bands at 440 nm. This 44O nm emission
band at room temperature can be tentatively associated with radiative

recombinations of free electrons and holes at structural lattice defects

or iodine-ion vacancy created by plastic deformation. This contention
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1V.16--Emission spectra of 4% strained pure

CsI as a function of excitation wavelength
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FIG. 1V.18--Excitation spectra for emission in 4% strained pure CsI
at (left) RTBC and (right) LNT. ’
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is supported by the fact that at LNT, the 440 nm band is efficiently

excited in the so-called Q-band and a relatively weaker emission at

440 nm due to the p-band also. The long wavelength excitation produced

weaker emission bands. Thus the 440 nm emission band at LNT is probably

due to radiative recombinations of excitons bound to negative fon

vacancies created by plastic deformation.

Besides the 440 nﬁ emission band at LNT, excitation in the range
(220-230 nm) gave an ultra-violet emission band at 320 nm. The
excitation gpectrumof the 320 nm emission band peaks at 230 nm where
4 it is efficiently excited. This ultra-violet emission band is

probably due to radiative transitiouns of excitons in metastable states.

T o £ DT AR T o

T et L =i

It is interesting to note that excitation in the a-band (235 nm) did
not give rise to this emission band at 320 nm which suggests that the

emission is not due to radiative recombinations of excitons bound to

Rl hgey e S

negative-ion (iodine-ion) vacancies, but due to transitions from some

é energy levels lying between those of the f- and a-levels,

As usual, the 350 nm emission band is excitable and has its

excitation spectrum peaking within the excitonic region, which suggests

the associations of this emission band with radiative recombination

R it LA Y DN

of electron-hole pairs at low temperatures.

However, we cbserved an interesting effect - the sudden drop in

roIRT T reTINITN

intensities of the 440 nm and 320 nm as we varied the excitation wave-

length, At RTBC where only the 44O nm band is observable, its intensity

suddenly dropped by a factor of 10 in going from 240 nm excitation
to 235 nm excitation. Figure IV.16 shows this sudden transition. From

. Fig. 1IV.16, curve 7 shows emission for excitation at 237.5 nm which

T

- 82 -




is about 1/5 of the intensity of that due to 2h0 nm excitation. This
flash-like (or step-like) dependence of the emission intensity on the
exciting wavelength at'RTBé is probably due to the fact that the LU5 nm
emission resulté from radiative recombinations of free electron-hole
pairs (created by absorption of light in the long wavelength tail of the
fundamental absorption band) which are loosely bound to the iodine-

ion vacancies rather than from excitons tightly bound to iodine-ion
vacancies at low temperatures. At LNT, Fig. IV.17 we observed the

same flash-like dependence of emission intensity on the exciting wave-
length which in this case is probably due to tightly (rather than loosely)
bound excitons to the fodine-ion vacancies, because the emission band

is mostlefficienciy excited at the Q-band (235 nm) and its intensity
dropped by an order of magnitude in the range (235 + 15 om). Figurg Iv.19
shows the plot of the emission intensity of the 410 nm emission versﬁs
the exciting wavelength.

We therefore believe that the 2i5 nm band which gave rise

to the single emission band at 445 nm observed at RTBC is the a-band
whose shift from its low temperature value of 235 nm i8 probably due

to plastic deformation. Also the three emission bands at 440 nm, 350 nm
and 320 nm observed at LNT arise from three different centers! The

440 nm emission is due to radiative recombination of excitons bound

to the iodine-ion vacancies while the 350 nm emission is due to -radiative
recombinations of electron-hole pairs and the 320 nm emission band is

probably due to radiative recombinations of excitons in metastable

states. Consequently the room temperature luminescence is probably

B U,
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due to transfer of energy from the centers responsible for the 350 nm
and 320 nm emission by non-radiative transitions at high temperatures.
Except at RTBC, when the plastically deformed CsI luminescence,
an effect which was not observed in the pure material of CsI at
RTBC, all other luminescent properties are almost identical at low
temperatures. The essential difference between the pure and strained
CsI is that the blue luminescence observed at INT is located at LLO nm.
instead of 430 nm in the pure sample and that stfained samples showed
more intense emission. The fact that the strained sample gave emission
at RTBC at L4O nm, also the peak of the RTAC emission observed in pure
sample of Csl supports the contention that cooling plgstically deforms

CsI . Figures IV.16 and IV.8(b) compare this situation.

e

Tae e




] CHAPTER V
COLOR .CENTER AND ELECTRON SPIN

RESONANGE STUDLES OF PURE Csl

A. INTRODUCTION

In this chapter, the data on the infra-red absorption (color cen- o

ters) and electron spin resonance studies of pure Csl are presented : |

and discussed. 1In the first section, general information on the study

of the color centers in alkali hasiides with emphasis on Csl 1is

iy TR T

discussed and the observed data on Csl analyzed. The second section

£

however, contains the discussion of the electron spin resonance data

i b 90 BE S5

on puie and thallium activated CsI .
B. COLOR CENTER STUDIES OF PURE CsI

3
Introduction: o {

The production of optical absorption bands in the otherwise
transparent crystals of the alkali halides dates as far back as 189&,'
vhen Goldstein not only darkened alkali halide crystals but also
exposed them to cathode rays.to create color centers. The defects

thus produced in alkali halides absorb visible or infra-red light,

hence the name "Color Center”. Since the pioneering work of Goldstein,

62-64,66

color centers have been a subject of investigation by many workers.

3 i The end product of exposing alkali halides to radiations of
| 20,21

; threshold energy of about 5 eV are the F~ and V-centers. Excitons,

free electrons and holes can also be created during this process.

.4
-




" by heating in alkali metal vapors; (b) coloration by electrolysis, that

-have proven to be successful when used to induce color centers into

Other methods of produéing these centres include (a) additive coloration

is by passing a current between eclectrodes in contact with the c:ystil

at high temperatures (c) by plastic deformation either at room or lower -

temperatures and-probably by thermal quenching. All these methods

alkali hdlides except CsI . The only successful attempt :o-indu¢e 
| 62,6k

color center in - CsI was by electrolysis. However, we are able

to induce color centers in CsI by cooling and exposing it to non- '

ionizing ultra-violet radiation at room and low temper#ture. Probably,

some authors were unable to produce color centers in CsI because

From the study of

of its elastic properties and crystal structures.

the elastic properties of all alkali halides, some authofs were able ) 4

to show that Csl is the most isotropic (that {s least anisotropic)

of all alkali halides. Probably this highly isotropic nature of Csl

makes it difficult to induce color centers in it even under severe

fonizing radiations. Another reason why it has been difficult to induce

color centers in CsI 1is because of its crystal structure which

allows only ions of maximum size of 1.0k % to fit in tnterstitial

positions in this crystal. So because of this limiting factdr.expoﬁing

CsI to ionizing radiations which involve atomic or fonic motion in

the lattice will be unable to produce color centers as the fons moved

have no place to fit in because of their size that is greater than

1.04 R and 1ts isotropy. The case of coloring CsI by electrolysis ' ‘

‘at 460°C is understable since at high temperature (420%¢) GCsI

- 87 -
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. changes phase from the body centered to the face centered cubic, a
structure which is very simple to color or ionize.

The optical prOpert1e§ of both F and V-centers have been widely

studied by many aut:hors.lwé55 The location of the absorption band of

F-centers in alkali halidés with the NaCf-structure is given by the ‘

Mollwo-~Ivey empirical formu1a65

1.8y R

AN = T3 d _ !

o R

vhere d 1is the lattice constant, Recently Dawson and Pooley
fitted the observed positions of the F-absorption bands in alkali

halides by the empirical formula

"1 -81 + 0010

E = (60.5 + 9.8) a eV

" for alkali halides with the NaCf-structure and

’ EF = (1% ihl) b‘2.28 + -10 ev

€ TR I LI T TR ST T 0

for alkali halides with the CsCf-structure. Here a is the lattice

Se AT

constant along the [LOO] direction and b is also the (100] lattice

L,

congtant multiplied by JE; , thus giving an equivalent NaC{ unit
cell size for equal interiomic distances.

Besides the F-bands, there are other absorption bands towards

[

the shorter wavelength side of the F-band called the K and L-bands p
proposed to be due to excited states of the F-band. Other absorption
bands on the long wavelength side of the F-band are called the M-

- { and R-bands proposed to be made of complexes from the combination of

two and three F-centers, respectively.65’67 Another band of interest




.s the F’-band, which is an F-cent?r plus an electron. A detailed
tiscussion of these color centers can be found elsewhere.

. Of all the V-centers (trapped holes), only the self-trapped
hole or VK-center (Castner and Kanzig) has been widely studied both
experimentally7-9 and theoretically.lo This center is well understood
and its absorption band lies between 400 - 406 nm in thé‘alkali iodides.
Most of the low temperature intrinsic luminescence observed in alkali |
h#lides with the NaCt-structure has been attributed to the radiativé

reconbination of an electron with a Vg-center, which is the well known

"self-trapped exciton" model. At temperatures above 120°K, VK-center

~ becomes mobile and diffuse throughout the crystal until captured by

electron excess centers. The symmetry and the anisotropic behavior

e x e

e A L A

of VK-centers can be studied by taking polarized luminescence and

electron spin resonance measurements respectively.
Experimental Procedure:

The experimental procedure used in the course of this work has
been discussed in Chapter III1 except additional irradiation studies
which involved exposing CsI sample to non-ionizing ultra-violet
radiation for several hours at both room and low temperatures. This
irradiation process was accomplished by exposing CsI to non—ionizihg
Uv-radiation from e deuterium lamp along the (010) face of the sampie
for several hours at room and low temperatures.

Three types of measurements were taken when:

(a) The sample was exposed to. UV-light at RTBC for about one hour or

longer. Absorption measurcments were taken at RTB”, LNI and RTAC.

The UV light was on all the time.

——— e




(b) Absorption measurements were taken for a sample that was not
irradiated at RTBC but at LNT and RTAC.

(e) Absorption measdtements were taken on a sample that had been
irradiated for about % hours at LNT but with the UV-light
source off during measurements,

The results of these additional irradiation studies aimed at producing
color centers in Csl using non-ioﬁizing ultra~violet radiation are
presented and discussed below. TFigures V.l through V. show the absorp-

tion spectra in the sequence stated above.

Results:

Figure V.1(a)-(d) show the infra-red absorption spectra of Csl at

RTBC, LNf and RTAC when exposed to non-ionizing UV-radiation at all
temperatures. The well resolved band centered at about 1120 nm (X-band)
can not be assigned to the so-called M-band in CsI because other authors
observed this M-band at 1185 nm in their colored Csl crystals. The
shift 1s probably due to the crystal's treatment, However, when the
sample is allowed to warm up (with the UV-light still on) the so-called
X-band disappears and a weak band centered at 830 nm appears as shown in
Fig. V.1(b). But when this sample is cooled to LNT again, infra-red
absorption measurements showed the X-band and a strong 820 nm band at

LNT as shown in Fig. V.1(c). Upon warming again, the X-band disappears

and the 830 nm band still persists but weak. After about 15 minutes of |

cooling and irradiation, the hugh structure that centered around 1100 nm

is reduced in intensity by a factor of 3 but other bands appear at 870 nm,

810 nm and ThO nm as shown in Fig. V.1(d). 1t is interesting to note that

AT L PN
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the 810 nm and the 740 nm infra-red absorption bands are the so-called
F'- and F-centers in CsI respectively. Other authors observed
these absorption bands in.their colored and X-rayed CsI sample.
. But at RTAC, the absorption spectrum is structureless, except for the
absorption at 830 nm.
Figure V.2(a) shows the infra-red absorption spectra of a . CsI

~ sample that was not exposed to non-ionizing ultra-violet radiation
at RTBC but only LNT and RTAC. Between (1000-1200 nm) there is
evidence of structures though considerably weaker than those observed
at LNT if the sample were irradiated with UV-light at RTBC. There
is a weak structure at 1150 nm and a broad band centered at 1050 nm .
Also there is a bump at 830 nm. From Fig. V.2(b) we see that all the'

structures disappeared except the one at 830 nm at RTAC.

Figure V.3 shows the infra-red absorption spectra of‘a Csl sample
that was irradiated at LNT for about L hours and the radiation cut-
off before measurements were taken. It should be noted that the
sample whether exposed to UV-radiation or not at RTBC makes no
difference in the observed spectra at LNT and RTAC. The only evidence

of structure is at about 1160 nm, no structure at 830 nm. But at

RTAC Fig. V.3(b), the 830 nm band is the only structure just as for
previous cases. Figure V.h shows the infra-red absorption spectra

of unirradiated pure CsI at LNT and RTAC.
Discussion:

From the empirical fit of the F-band by Dawson and Pooley, the

F-band is supposed to lie in the energy range (1.65 - 1,70 eV) which

in wavelength 1s between T30 and 750 nm which agrees with the positions

-95—
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(T:0 nm) of the F-band observed i; CsI.._.62’65 As mentioned carlier,
other authors were only able to produce F-centers in CsI not by
exposing the samples of Csl to ionizing ra&iations but by colorx-
-ing using the method of electrolysis at high temperatuves. We can
thus probably assign the T4O nm band in Fig. V.1(d) to an F-center
absorption band. But as we warm the sample up to room temperature
this structure is lost probably because of optical bleaching. Thus,
this shows that F-centers can be produced in CsI easily by exposing
it to non-ionizing UV-radiation at RTBC, and then cooling to LNT
(with irradiation on), warming up and then cooling again to LNT.
After about 20-30 minutes one can take absorption measurements to
detect the F-band. The absorption may be weak because of the small
concentration produced by using non-ionizing UvV-radiation. Probably
" ‘successive cooliﬁg and warming can produce high concentration of '
- F-centers.

The only prominent and well resolved band at LNT for a Csl
sample that had been exposed to UV-radiation at RTBC is the 1100 nm
band. We can not assign this band to the so-called M-band located
at about 1185 nm in Csl because of the 85 nm shift and its temper-
ature dependence. At room temperature the M-band in CsI shifts to
about 1220 nm. On the other hand, the 1100 nm band coméletely bleaches
at room temperature, that is to séy this band is highly unstable ther-
mally contrary to the behavior of the so-called M-band in CsI . This
center at 1100 nm may be an excited state of the M-band as the K-band

is to the F-center. It is not the R-center either because the R-center
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is more tnermally stable; that is warming to room temperature does
i 4 .

not destroy R-centers. The 1100 nm baund is probably an M -center.

Other absorption bands observed at LNT, especially the 820 nm
band can be tentatively associated with the F’-band located at ~ 830 nm
in Csl , though with a shift of 10 nm. This band bleaches on warming
to room temperature as expected. We also observed the 1050 nm and
1200 nm bands observed by Avaian et al. in their colored (by elec-
trolysis at h60°C) CsI crystals. It should be noted that except for
the F- and F'-centers, other centers (M and R) have not been studied

to any extent in CsI .
C. ELECTRON SPIN RESONANCE

Introduction:

Since the optical studies indicate that the basis for creating
exciton trapping sites is primarily through the cycling of the tem-
perature, it was decided to investigate the actual trapping sites
themselvés by combining optica:r techniques with electron spin reso-
nance. If the trapping sites are indeed paramagnetic, Ehen it
should be possible to determine some of the important magnetic parame-
ters and perhaps more fully characterize the sites themselves. Im
addition, we should, in principle, be able to observe any‘effect.that

the incident irradiation has with respect to a particular trapping

site.




‘Results: D . -
: 1.' Pure CsI

Immediately after receipt, the pure Harshaw crystals were placed
in the spectrometer and weak ESR signals were observed at room tem-
perature. Upon anneéling at 520°K for a four to five hour period,
slowly returning the sample to room temperature in steps of 10 degrees
every twenty minutes, and recording the ESR spectra under the same

experimental conditions, all ESR signals disappeared. Signals from

the unannealed crystals were tenatively assigned to defects produced
by the cutting, grinding and polishing of the pure material by the
supplier. As standard practice, it is suggested that all pure crystals
be annealed, aé described above, before any ESR studies are done to

‘ ' eliminate any complicating ESR structure.

As the pure crystal was slowly cooled to 80°K, an ESR signal

appeared described by magnetic parameters indicating the presence of
a defect believed to be that of an F center. The signal is charac-
terized by a g value of 2.003 * 0.001 and a peak-to-peak linewidth

of approximately 100 Gauss. The signal intensity increased (thehline-

shape remained unchanged hence the peak-to-peak amplitude increased)
as the temperature was lowered to 80°k and changed very little between
80°K and 20°k (due presumably to saturation) — the maximum amplitude

occurring at ~ 60° - TOOK. The lineshape was essentially Gaussian

and at 80°K showed initial saturation above roughly forty milliwatts
incident power upon the cavity and seemed to retain its finitial line-
shape when saturated up to 200 nW. This saturation behavior is usually

characteristic of lines that are inhumogcneously broadened.
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Upon warming of the sample from 80%k to room temperature, the ESR

signal continues to»pe:sigt. See Fig. V.5, Only annealing at evalu-

ated temperatures will successfully bleach the pure CsI crystal.
Regardless of the number of bleachings and coolings the pattern is as

follows:
RTBC - no EST signals.

80°K - ESR signals - F centers.

RTAC - ESR signals - F centers.

There appears to be no hyperfine structure on the ESR line attri-
buted to the F~center and no obvious asymmetry of the F-center line
itself.

Under conditions of rather high gain there is an indication of a
wealth of ESR lines down in amplitude by one to two orders of magnitude
relative to the F~center signals and which appears to be anisotropic in
nature. Apparently, the responsible electrons are in rather shallow
traps since warming to room temperature is sufficient for bleaching.
However, we hesitate to make any further statement with respect to
their origin with the S/Nipresently obtainable. As the pure CsI
crystal is cooled in the presence of optical irradiation at both 217 mm
and 235 nm, the amplitude of the ESR signal 1s relatively light
insensitive — perhaps a 5% increase in the ESR signal is observéd —
and remains unchanged at a variety of other frequencieb and optical
intensities.

Since the technique of irradiating pure Csl samples during

cooling produced a small increase (5%) of the ESR signal during the

- 102 -
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time of irradiation which was several minutes at best, it was decided

to irradiate a sample for several hours with ultraviolet light at

low temperatures and then-observe the ESR signal. The results are

shown in Fig. V.6 for a pure sample of CsI which had been irra-

diated by means of a high pressure Yg vapor lamp for 6 hours at a

temperature of about 6°K. The ESR signal intensity has increased

by almost an order of magnitude over the previous one for pure CsI.

This result appears to confirm the proposition that not only can

F-centers be produced by ultraviolet radiation, but also the wealth

of orientation dependent ESR structure indicates the presence of an

anisotropic V-center. It is still not possible at this time to

analyze the anisotropic ESR spectrum and to assign a structural model ?
designating the particular V-center involved. However comparing g
the disappearance of this V-center at 20°K and above with the dis-
appearance at this temperature of the 300 nm emission band supposed
to be due to radiative recombination of VK-center Plus a trapped
electron (F-center) suggests the association of this V-center with

the VK~center.

2. Optical Grade CsI(T})

Upon annealing the optical grade thallium doped (0.1 mole percent)
CsI crystal a large ESR signal was recorded at both ShOOK and 297°K.
At sho°x a rather symmetric ESR line was observed having a peak-to-peak
linewidth of approximately 100 Gauss and a rather large g-vale of
2.06 = .002. A narrow ESR line (& = 20 Gauss) appeared at slightly

higher field characterized by a g-value of 2.00 £ .02 with a hint of
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FIG. V.6--Pure CsI irradiated at 6°K with a Hg lamp for

6 hours and stored at LN temperature for three days.

Second Derivative ESR spectrum.

scan range = 1 kG, Hy = 3588, Mod. Amp.

= 32 G.,

at 100 kHz Mod. Freq. and 20 G Hz Mod. Freq.,

= 9.58 GHz, Response Time = 3 sec., v
~ 10°K, Receiver Gain

u-wave pwr. = 80 W, Temp =
= 2.5 x 102
at 100 kHz and 2.5 X 102 at 35 He.
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structure. Upon cooling to room temperature, the latter. line remained

unchanged in position and decreased in amplitude by about a factor

of 2 ~3. Alllindicatio;s of structure disappeared. . | ;
* On the other hagnd, the low field ESR line width remained constant, |

but the spectral center shifted downfield by roughly 1CO Gauss giving

a room temperature g-value of 2.000 * ,002. 1In addition to the field

shift, structure appeared on the shoulders of the line while the

amplitude decreased to roughly one-half its value at the higher temperature.

The lineshape at this temperature was independent of crystal rotation.

This sequence is shown in Fig. V.7 and is given in Table V.1.
Further cooling of the CsI(T!) crystal to 80°K gives rise to
a large ESR signal that can be easily decomposed into two lines - one

is the "low field" ESR line observable at higher temperatures having

a § = 100 Gauss and a g value of 2.042 * .002, while the second

i1s a new ESR center having a g value of 2.205 * .004 and a peak-to-
peak linewidth of ~ 1 kG. The new lineshape is dependent upon
crystal orientation and on temperature and has an overali intensity
that 1s much greater than that of the § = 100 G ESR line. Tentatively, 3
an assignment of the g = 2.042 * ,002, 5 = 100 G corresponding to 7

that of an F-center and the g = 2.205 * ,002, 5 ~ 1 kG, anisotropic, l
!

S A e

broad ESR line to that of a V-center (self-trapped hole) is

made. See Figure V.8, Upoﬂ warming back to room temp;racura

the ESR line corresponding to the V-center is significantly broaded,
the linewidth increases by more than a factor of three and the signal

intensity drops by something greater than an order of magnitude. The

M o g o




a)

FIG. V.7(a)--ESR spectra of CsI(Tl) as a function of temperature
(a) T1 doped CsI annealed at 260°C for 10 hours.

scan range

1 kG, Hy = 3321 G., Mod. Amp. = 20 G.,

mod. freq. = 100 kHz, Vg = 9.15 GHz, Response Time

= 0.250 sec,
Receiver Gain =

6.3 X 103.
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. FIG. V.T(b)--ESR spectra of CsI(Tl) as a function of :
temperature.

(b) T1 doped CsI annealed for 10 hours

at 260°C and brought to room temperature

over a 5 hour period.

scan range = 1 kG, HO = 3321 G., Mod. Amp.

= 20 G.,

mod. freq. = 100 kHz, Vo = 9.15 GHz, Response
Time = 0.250 sec.,

(-wave pwr. = 390 oW., Temp. = Room, Receiver
Gain = 6.3 x 107.




TABLE V.1

The experimental sequence of events in recording the ESR spectra
of CSI(T!) at three different temperatures.

540°K 297%k
Structure g-value g§(p-p) Structure g-value &(p-p)
low field line No 2.06 100 Yes 2.09 100
hi field line Yes 2.00 20 No 2.00 20
80°k
Structure g-value g(p-p)
Broad line Yes 2.205 ~1kG
Lov field line Yes 2.0k2 100G

Hi field line disappeared

At =
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FIG. V.8--ESR spectra of CsI (Tl) as a function of temperature.

c¢) Tl doped CsI at -1759C.

scan range = L kG, Hy = 3,200, Mod. Amp. = 10G.,

mod. freq. = 100 kHz, vy = 9.15 GHz, Response Time = 1 sec.
p-wave pwr. = 100 oW, Temp. = -1759C, Receiver Gain =

1.6 x 104 .
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ESR line correspohding to the F-center persists in RTAC. As in the

case'of the pure crystal irradiation of the thallium doped crystal
has little gffect on the ESR signal.

To support the contention that the X-band observed in tﬁe optical
spectrum was specifically related to a Vg center it was thought that
perhaps this center might be observable in the ESR spectrum. Heretofore
V., centers have been studied extensively in alkali halide structures

K
and in particular have been observed in CsI(T{) to give an 11 = (21 + 1)

2
of iodine = I = S/2). However, to our knowledge, all Vy centers

line ESR spectrum arising from the molecular ion I_ (nuclear spin
fo#nd in the literature have been produced in the presence of ionizing
(X-ray) irradiation. It was hoped to observe the presence of such
centers upon cooling the sample to 20°K in the presence of non-
ionizing irradiation (UV at ~ 5 eV). Experimental ESR results do

not show the presence of an eleven line Vg ceater spectrum at the
necessary levels of concentration [2 X 1010 & X (21 + 1) spins in the
cavity = 2 X lolh] spins in the volume (~ 0.1 cm3) of CsI(T!) crystal

*
used in the experiment,
ESR Analysis:

ESR studies on both pure and doped CsI crystals suggest the

presence of an F center, i.e., an electron occupying an anionic vacancy,

>

*That 1s, if Vy centers were present at a concentration of 2 X 101
spins/cm>, thenve would see an ESR spectrum having a S/N ratio of roughly
1:1. To see, in practical tewms, a S/N ratio of 10:1, a spin concen-

cation of ~ 2 x 1019 spins/cm5 is necessary. With non-ionizing radi-
ation we do not produce a high enough concentration of Vg centers to
record an observable ESR signal.

s s




prodhced by the inherent stress or strains that permeate the sample upon
cooling to 80°K. Experimental evidence shows the presence of
i) a small g-shift from the free electron value of 2.0023,
ii) a Gaussian lineshape ghat saturates inhomogeneously,
iii) a peak-to-peak linewidth of ~ 100 G,

iv) sample is transparent before cooling and opaque at 80°k and
RTAC, and substantiates the assignment as that of an F center arising
from crystal stress or strain upon cooling. It is well known that F
centers give a stroug optical absorption in the visible region and
this is attributed to the B~band absorption at 225 nm, near the first
exciton absorption band. Irradiation of pure CsI at both the
fundamental absorption edge (235 mm) and at 225 nm show photolumines-
cence when monitoring the optical absorption, emission and excitation
spectra but affect the ESR spectra negligibly. This suggests that the
trapping sites (F centers) are produced by the cooling of the ctystai
only and that the effect of the light is to excitonically populate thé
trapping sites. Upon warming, the deep traps continue to be stable
allowing radiative exciton recombination with various crystal defects
possibly leading to the observed luminescence.

A second type of center was found in the Tf:doped material, which
was anisotropic in nature and exhibited a rather broad spectral width
of the order of a kilogauss. Cooling the doped CsI crystal can cauge
a variety of defects and, in particular, a variety of V centers. For
example, Kinzig describes a self trapped hole, a hole trapped by

a cation vacancy, an unpaired electron located on three halogen atoms,

The

or formation of a molecule ion by an interstitial halogen atom.




tentative assignment of this as a V center seems consistent with

experimental data and substantiates the observed luminescence behavior
by providing a radiative e -hole recombination mechanism at sites .
created by the temperature cycling. Since the V centef are anisotropic
in nature, interesting optical data are likely to be obtained using
polarized incident radiation an&/or observing polarized luminescence.
However our polarized luminescence studies showed that the intrinsic
luninescence observed in CsI is not polarized. This result is not
surprising as we do not expect to observe polarization from such
isotripic center, like the F—center7 we produced by cooling and

exposing CsI to non-ionizing ultraviolet radiation.
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CHAPTER VI

. A PROPOSED MODEL FOR THE LUMINESCENT -

MECHANISM IN PURE CslI

A. INTRODUCTION

The intrinsic luminescence which occurs at low temperatures in
alkali halides especially those with the NaC/-structure has been
attributed by Kabler and also Murray and Keller to the radiative
recombination of a free electron with a self-trapped hole (VK-center).
However, the intrinsic luminescence in alkali halides witﬁ the CsC2-
structure is not well understood., Consequently we undertook a combined
study of the optical properties and electron spin resonance (ESR) of
pure CsI (which'is relatively strain and defect free) from liquid
helium to room temperature to elucidate the fundamental mechanisms
involved in the intrinsic luminescence of alkali halides with the CsC!-
structure (taking CsI as a case study) for excitations extending
from the long wavelength tail of the fundamental absorption through
the excitonic region, i.e. (235 - 205 nm). The optical techniques
through absorption, emission and excitation spectra give information
on the electronic transitions occurring in the material and the ESR
data reveal the nature of the trapping sites which, from previous
studies, we expect to be paramagnetic,

Our optical and ESR data on pure CsI (discussed in Chapters
IV and V) suggest the need to re-examine the so-called "self-trapped

exciton" model usually observed in alkali halides because our (a) ESR
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spectrum showed two components F- and V -centers; (b) excitation
spectra for the intrinsic luminescence are different from those
measured by Lamatsch, et al;19 (c) we observe RTAC luminescence,

and (d) we observed a new absorption band in the infrared which is

'thermally more unstable than the so-called M and R bands. In

this chapter we hope to present our proposed models on the observed

intrinsic luminescence at low and room temperatures in CsI .
B. TRAPPED EXCITON MODEL (TEM)

Excitons produced during an optical absorption process in alkali
halides can either be trapped at vacancies, electron or hole excess
centers to produce "trapped excitons'. Another form of trapping of
excitons is that produced by the combination of a free electron with
a self-trapped hole (VK-center), the well known "self-trapped exciton"
in alkali halides. The intrinsic luminescence observed at low tem-
peratures has been explained by the self-trapped exciton model while
fmpurity luminescence is explained by radiative recombination of
trapped excitons in alkali halides. Hawéver, cooling and exposing
Csl to non-ionizing radiations produéed these two exciton traps to

be discussed below.

Self-trapped exciton:

It 1is generally assumed tﬁat a self-trapped exciton has the
configuration (VK + e)* in alkali halides but our optical and ESR
data on pure CsI which isirelatively strain and defect free sug-
gests a different configuration for the sclf-trapped exciton. This

can be explained as follows:

Ty P




When CsI is cooled to liquid helium temperatures excitonic

excitations produce three emission bands at 300 rnim, 350 nm and 430 nm.

The intrinsic emission bands at 300 nm and 430 nm disappeared at 25%
and above for excitonic excitations. The disappearance of the 300 nm
band at 25°K and above is consistent with other autﬁors 1':esu11:s.]'9’h1
These authors proposed that this intrinsic emission band at 300 nm is

probably due to the radiative recombination of self-trapped excitons

*
of the configuration (VK + e) =~ that is, V
7,8

K-center "plus a free

electron. However, from our optical data the excitation spectrum
for this emission band at 300 nm below 25°k peaks at 250 nm, a wave-
length betweeu the so-called B-(225 nm) and o~(235 nm) bands, Thus
we feel that this emission band is due to radiative recombination of
excitons in metastable states which decay non-radiatively at high
temperatures. To support this coﬁtention we performed ESR measure-
ments to determine the nature and the symmetry of these centers
responsible for the 300 nm emission band. The results suggest the

existence of two paramagnetic species F- and V_-centers at low tem~

K
peratures in pure CsI which has been cooled and exposed to non-
ionizing ultraviolet radiations. It is interesting to note that the
anisotropic center (tgntatively associated with the VK-center)hl
diminished in intensity considerably above 2S°K, the temperature at
which the 300 nm emission band disappeared. Thus combining optical
data which shows that the excitation spectrum of the 300 nm emission

peaks very close to the B-band (exciton-trapped at an F-center) and

the disappearance of the so-called self-trapped hole (VK-center) at

- 116 -




ESQK the temperature at which the 300 nm band disappears, suggests l
that the self-trapped exciton responsible for the 300 nm inurinsic !

lumincscence is probably of the configuration

Vg +F o [:} + L.l ev |

that is, radiative recombination of Vg~ and F-centers which results ‘
in the 300 nm emission plus creation of negative-ion vacancies which P

in turn, can act as electron or exciton traps. Therefore we feel

!
that the intrinsic luminescence located at 300 nm in pure Csl is ; v

due to radiative recombination of self-trapped excitons probably of 'H
the configuration self-trapped hole (VK-center) plus a trapped elec- |
{

tron.(F-center), i.e., (VK + F) instead of the usual configuration I

i self-trapped hole (VK-center) plus a free electron, i.e., (VK.+ e)* ¢

\
proposed by other authors, ‘ ' E .

Trapped Excitons :

Following the model developed by Bassani ,and Inchauspe to locate
the - and p-absorption bands in alkali halides, we interpret the
observed absorétion bands at 237 nm and 225 nm shown in Fié. 1v.
as being due to trapped excitons. The calculations are done using
the equations derived by Bassani and Inchauspe and discussediin
Chapter II. The calculated - and p-~bands are located at 235 nm
and 225 nm in CsI respectively. It is reassuring to note that the
calculated and measured values of the @- and a-absorétion bands

. in CsI are in close agreement.
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The evolution of the emission spectra obtained by selective
excitation in the two bands at 225 nm and 235 nm as a function of
temperature of a bulk single crystal of pure CsI are shown in
Figs. IV.11(a) and (b). The excitation spectra of the two emission
bands at 320 nm and 430 nm are also shown in Fig. IV.l1l(c). The two
emission spectra have excitation spectra peaking at 237 nm with a
hump at about 227 nm which agrees fairly well with both calculated
and measured values of the - and B-absorption bands.

Therefore combining the optical and ESR data on pure Csl we
propose that the so-called blue luminescence (430 nm) in Csl is
due to the radiative recombination of excitons trapped at negative
ion vacancies and F-centers.

So from the above discussion on the "trapped exciton" models,

. we believe that there are two competing luminescent centers that
give rise to the observed intrinsic luminescence in pure CsI (and
probably other alkali halides with the CsC!-structure) at low tem-
peratures. However, when the sample warms back to room temperature,
we observed luminescence which was not there at RTBC. This RTAC

luminescence is discussed below.

RTAC Luminescence

Cooling and exposing CsI which is relatively pure and strain
and defect free to non-ionizing UV-radiation at low temperatures,
suggests from absorption studies and reinforced by theoretical cal-
culations the creation of halogen-ion vacancies and F-centers which

act as recombination sites or traps for free holes and electrons or

| e -
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mobile excitons. Also our ESR data (discussed in Chapter V) supports
this contention of creating F-centers as a result of cooling Csl to
low temperatures. Thus we propose that the RTAC luminescence can
tentatively be associated with vacancies (traps) or other lattice
imperfections created by the motion and clustering of dislocations
which exist in the crystal as a result of thermal contraction of the
crystal during cooling. That the cooling acts as a plastic deforma-
tion can be explained as follows. It has been shown that the minimum
external stress required to move a dislocation in simple cubic crystals
is very small (~ 105 dynes). This is three orders of magnitude less
than the critical shear stress of 108 dynes induced by straining due to cooling in
CsI.sh Also it should be noted that the elastic limit observed in

CsI is of the order of 107 dvnes one order of magnitude less than that
induced by cooling., Consequently we are led to the conclusion that

cooling produces plastic deformation in Csl because (a) the stress
produced by cooling as a result of thermal contractions makes the dis-
location highly mobile which in turn is responsible for slip that pro-
duces, in many crystals, plastic deformation, (b) cooling induced

stress exceeds the measured elastic limit and (¢) RTAC photolumines-

cence measurements persists even after several days, though the peak
position of the excitation spectrum shifts to longer wavelengths

(250 nm) after about two weeks. Therefore, dislocation motion and
clustering as a result of thermal contraction of the crystal due to

cooling produces vacancies and other lattice imperfections that can

act as traps for electrons and holes or mobile excitons. However, it

E
{
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should be noted that using Smakula's equation®”
) N, = 0.87 x 1017 -——:L—-'-a (cm-l) W, ,.(ev) ~ 1015
£ ¥ 2 2 max 1/2
(n® +2)7
E’ ]
where
N = concentration of traps i ]
A . - |
n = refractive index of CsI ~ ‘/em 1.73 1
X x = maximum absorption coefficient ~ 2.3 (Eq. 4.1) !ﬂ?
Wl/é(ev) = half-width maximum of absorption band at 840 nm ~ 0.2 eV %%ﬁ
. e 1 ,
and f = oscillator strength assumed to be unity; : ﬁ‘; :
| ik
the concentration of traps thus produced by cooling (without irradia- ‘ﬂ
. , g1l
tion at low temperature) is very small (~ 1015 cm-3) and we are able .}
; to detect absorption bands in the infra-red region in our crystal ue
| i
; ‘ ,' which was just cooled without exposure to non-ionizing UV-ratiation ft
. only at very high sensitivity. The absorption bands are located at P!
. .
. 1
840 nm and 1280 which are shifted by 100 nm from the normal F and ﬂ
‘4
M-bands in CsI . The location of F- and M-bands 100 nm higher i
4

in wavelength than that previously observed does appear at this time

to make the assignment of an F-center somewhat tentative in spite of

the previous supporting data,.
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CHAPTER VII

CONCLUSION
RESULTS

The studies have increased our understanding of photoluminescent
properties of CsI . Five major results have been obtained:

(a) The intrinsic luminescence observed in pure CsI (which 1s
relatively strain and defect free) at low temperatures originates from
tvo different centers: (1) self-trapped excitons (VK + F) instead
of the usual configuration (VK + e), and (2) excitons bound to F-centers
or negative ion-vacancies.

(b) We observed that straining by cooling produces plastic de-
formation in CsI which in turn leads to the creation of vacancies
that act as electron-traps (F-center) that are still stable at room
temperature and consequently give rise to the observed RTAC luminescence.

(¢) Straining by cooling and exposing CsI to non-ionizing UV-

radiation at low temperatures produces color centers F , F* and M -bands.

It is interesting to note that this is the first evidence of producing
color centers in Csl wusing non-ionizing UV-radiation.

(d) We also observed that if pure CsI is plastically deformed
(4% strain being typical), its optical properties are similar to those
of sodium activated CsIl . Also the emission and excitation peaks
located at 440 nm and 240 nm respectively in the deformed CsI at RTBC,
are identical with those of pure CsI at RTAC, which supports the con-

tention that straining by cooling plastically deforms CsI .
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(e) Electron spin resonance measurements suggest the nature and
. symmetry of the centers responsible for the observed intrinsic lumines-

cence in Csl to be those of F- and VK-centers.
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APPENDIX A

| We recall that the energy difference between the first exciton
absorption band (Ef) and the trapped exciton absorption band (E;r)
is composed of three parts: AEl » the change in electrostatic energles;
AE2 » the change in repulsive energies and AE3 , the change in

polarization energiles,

From Eqs. (2.3) and (2.L), AE, can be easily obtained using elementary

geometry (Fig.-II.l) while AE2 involves direct substitution and AE5

involves terms of the form

. 1 1 (ree s TLy)
3 A = E 5t 3 - 2cos —-—;-1--—12(—1 .
Ty s *iy o Ty

This type of sumation can be divided into two parts:

1 1
Moo= DT T
1j k]

| cos{r,, , r,..)
~ 11’ "kj
D e e y

ri_.1 rkj

A1 :  Summation of this type has been calculated by Jones and

Ingham to be about 16 and 20 for the NaC! and CsC/-type alkali halides

respectively.
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A2: Considering the two dimensional model of the alkali halides
(csCl-type) shown in Fig. II.1 and for any ions 1 , j , k , we can
express the cosine term as

2 2 2
rij,+ rkjf' L

cos (r,, , r,.) =
ij ki
2 rij rkj

using elementary trigonometry.
If the origin of the coordinate system coincides with site 1 of
Fig. II.1, then the distance to any given ion of the space lattice

can be expressed (in terms of interatomic spacing) as

> 2,2 2. 2
4y = %o (£€ + m° 4+ n)
and
2 _ 2., 2.2 2
Ty < To [(t - 2)° + n° + o)

where ! , m , n are whole numbers (or coordinates of a point in the
crystal) and z = Tig 2 the distance between the ith fon and the vacancy.
For our case, z = 1 , that is rij is even when rkj is odd

and vice-versa. Now if

12 + m2 + n2 = P
then
(1 - 1)2 +w2+n° = P-2041 ’
and

P+P-2241-1

coa(rij , rkj) =

2lp(p - 21 + 1)]{




- 2(p -~ 1)

, o(r - 22 1)]3/2 . {valid for even or odd P) :
o, - + ;

S
]

This is usually vwritten as

A2=;§;Z 2(p - 1) .

n {p(P - 21 + 1)13/2

R

even or _:
odd P, ' ]

E Also this type of summation has been done by Reitz and Gammel et al.

They obtained the values

! c:os(rei , rji) cos(ru , r)i) o ;
E : — - E : = 0.7015 |
5. i r2 r2 i r2 r2 . ]
pos ions T2i F3i pos dfons 11 31 ¥i
and ',j _ 1
|
ve ) e, ) ri '
cos(rei s rji) _ cos(rn , rﬁ) . ‘311
E : 2 2 2 2 : * i
i r i r 4 i
neg ions 1 i neg ions 31 '
ll
The other constants involved in the calculation of the a and pB-bands b;~

in Csl are tabulated below :

anion-cation distance o 3.95 X 1.0-8 cm
Madelung constant Oy 1.7 :
. Repulsion parameter P 0.34 x 10"8 o :
Andon polarizability (I7) o 110 x 10 o ¥
o Cation polarizability (¢ a; 2.42 x 1072 o) lﬁ?i ]




high frequency dielectric

constant € 5.03
stat{c dielectric constant o €y 5.65
energy of first exciton peak E; 5.77 eV (215 nm)

Using the calculated values of B and C and above parameters in

Egs. (2.3 and (2.4), give

AR, | AE, AE, AE By, B,
a-band 1.07 ev -0.08 ev ~0.47 ev 0.52 ev 5.25 eV 5.23 eV
(236.2 ) (237 nm)

B -band - -0.08 0.34 0.26  5.51 5.51

(225 om) (225 rm)
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